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Abstract: This paper presents the maintenance decision-making process for the case of a 
multi-component unit based on output-based maintenance (OBM) technique. OBM is an 
innovative maintenance technique that applies condition based maintenance (CBM) 
approach. The principle of OBM is to use machine output measure as the main monitoring 
parameter for maintenance decision making. A multi-component decision algorithm for 
the case of non-repairable two serial components unit based on the OBM technique is 
proposed to illustrate the process of maintenance decision making. The proposed decision 
algorithm is designed and developed based on ‘rule-based’ decision tree approach, which 
makes the entire process of decision making easy to understand and interpret. Two 
maintenance decisions are considered to be decided upon: the right time to perform 
maintenance and the right component that requires maintenance. An example using a real 
industry case is presented to demonstrate the applicability of the proposed decision 
algorithm in making maintenance decisions. Validation result shows that the proposed 
model provides practical and reliable decisions. This paper ended with a conclusion and 
some recommendations for future studies.. 

Keywords: Maintenance decision-making, output-based maintenance, product quality 
characteristic, multi-component unit, production machine, maintenance technique 

1. Introduction 

Many real-world systems, such as production machine, electric power, and so on, are 
structured with multi-component unit/system [1]. Multi-component refers to a 
unit/system/sub-system under consideration consisting of two or more components. The 
structure of the multi-component unit can be divided into three types: parallel, serial, and 
combined parallel and serial structures [2]. From the maintenance perspective, multi-
component unit of a serial structure is more crucial than the other two structures in terms 
of its failure effects. This is because the failure of one or more component(s) in a serial 
structure system will directly affect the other components, hence might lead to total 
system breakdown. 
     In maintenance research, decision making for the maintenance of a multi-
component unit is a complex problem. The complexity of the maintenance decision-
making process depends on the characteristics of each component in the multi-component 
unit. Three maintenance decisions according to the questions of when, which, and what is 
needed. The question of ‘when’ refers to the right time to perform a maintenance; ‘which’ 
refers to the selection of the right component in the multi-component structure that 
requires maintenance; and ‘what’ refers to the appropriate maintenance action (e.g., repair 
or replace) to be carried out. 
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     The first question is the general maintenance decision required towards preventive 
maintenance (PM) strategy application. The importance of this decision is to avoid or at 
least minimize the effect of unexpected failure costs, which is estimated to be three to four 
times of the PM cost [3]. The second question, on the other hand, is motivated because of 
the fact that not all components in the multi-component unit require maintenance after the 
first maintenance decision is determined. Determining the right component that requires 
maintenance not only will minimize the total maintenance cost but also help engineers to 
solve the right problem that contributes to the considered multi-component unit. The third 
question is relevant only if the component is classified under repairable type. For the 
repairable type component, the decision of either to repair or replace is also needed. The 
motivation of coming up with this decision is due to the varying cost and effect of each 
maintenance action (repair or replace). The cost towards the repair decision is usually 
cheaper than that of replacement; although, the effect from the repair action is not a 
perfect maintenance (as-good-as-new) compared with the replacement decision [2]. 
Therefore, coming up with the most appropriate decision for the repairable component 
case (either to repair or replace) is relevant. 
     Previous literature have introduced and applied different maintenance techniques to 
solve the maintenance problem of a multi-component unit. These techniques can be 
classified into two maintenance approaches: time-based maintenance (TBM) and 
condition-based maintenance (CBM). Studies on multi-component unit by using TBM 
approach are well reported in literature [4, 5], whereby the determination of optimal 
maintenance intervals for a multi-component unit is the focus of the research. For 
example, Gurler and Kaya [6] proposed a maintenance policy for a multi-component unit. 
A numerical method was applied to determine the approximate optimal maintenance 
intervals by minimizing the long run average costs function.  
     Tsai et al. [7] presented a PM policy based on availability consideration of a multi-
component system. An optimization algorithm was proposed to determine the optimal PM 
interval by maximizing the availability function of the system.  Samrout et al. [8] 
proposed a new method to minimize the PM cost of series-parallel systems using genetic 
algorithm. Tam et al. [9] proposed three models to determine the optimal maintenance 
intervals for multi-component system subjected to minimum required reliability, 
maximum allowed budget, and minimum total cost. Maillrat and Fang [10] studied the 
optimal maintenance policies for series-structured machines using a nonlinear 
programming. Two optimal solution subjects to minimize the total cost rate budget was 
presented. Laggoune et al. [11] presented optimal PM model based on opportunistic 
policy for a multi-components system in continuous operating units. Laggoune et al. [12] 
then studied the impact of few failure data in the context of data uncertainty on the 
optimal PM model. Bootstrap technique was applied to deal with the problem of the small 
size of failure data samples. Zhao et al. [13] studied the replacement models by 
considering two kinds of damages effects; additive and independent damages. The optimal 
policies are derived analytically to minimize their effects and the discussion of the 
application is then discussed.  

However, the application of TBM in solving maintenance problems has many 
disadvantages towards real industry application [14, 15]. The use of an optimization 
method in solving maintenance problems for a multi-component unit is not always the 
best method for maintenance decision making. According to Dekker [16] the use of the 
optimization method in maintenance decision making is rarely needed in practice. The 
main reason for this is the existence of the optimization approach in complex 
mathematical form; thus, the difficulty in understanding and interpreting the decision 
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models, which disinterest the engineers to not use the method in real case application. On 
the other hand, the application of CBM in solving maintenance problems of a multi-
component unit is still limited, although the advantages of the CBM approach are well 
known by many researchers [17, 18].  

In the current paper, the maintenance decision-making process for multi-component 
unit of a serial structure based on CBM approach is considered. A multi-component 
decision algorithm was proposed to illustrate the decision making process based on 
output-based maintenance (OBM) technique, which is one of the techniques classified 
under the CBM approach. The proposed decision algorithm was designed and developed 
based on the “rule-based” decision tree approach, which makes the interpretation and 
understanding of the decision-making process easy. The applicability of the proposed 
decision algorithm was validated in a real industry case. The structure of the current paper 
is as follows. Section 2 describes the theory and principle of the OBM technique. Section 
3 presents the proposed decision algorithm in making the maintenance decisions for the 
case of a multi-component unit. The applicability of the proposed algorithm is then 
presented in Section 4, and the discussion is given in Section 5. Finally, the conclusion 
and some recommendations for future studies are summarized in Section 6. 

 
Notation 
 
b Least-squares fit 
C’(ti) Future physical changes trend at time ti   
C’comp - j(ti) Future physical changes trend at time ti, for component j, j = 1,2,3, …  
Ccomp j

unexp-f Unexpected failure cost of the component j, j = 1,2,3, …   
CDownT Machine downtime cost 
Crep-rej Replacement and product reject costs 
Cre-rej Repair and product reject costs 
Cunexp-f Unexpected failure cost of the component 
et Forecast error in t 
F(t) Cumulative distribution function 
F(ti) Cumulative distribution function of MTTF at time ti 
Fcomp - j(ti) Cumulative distribution function of MTTF at time ti, for component j, j = 

1,2,3, … 
h1 Smoothing parameter for the level of the series 
h2 Smoothing parameter for the trend 
MTTF Mean-time-to-failure 
Q’(ti) Future product quality trend at time ti  
Rcomp j cost Cost of risk for component j, j = 1,2,3, …   
St Level (mean) of the series at the end of t 
t Observe time 
Tt Trend at the end of t 
TTF Time-to-failure 
Xt Observed value of the series in period t 
Ẍ t(m) Forecast made at the end of t for m steps ahead 
Ẍ t-1(n) Forecast made at t-1, where n ≥ 1 
ф Trend modification parameter 
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2. Output-Based Maintenance (OBM) 

The OBM technique is introduced based on the literature review study presented by 
Ahmad and Kamaruddin [19]. OBM is classified as one of the maintenance techniques 
under the CBM approach. The principle of the OBM technique is to use the machine 
output measure (i.e., product quality characteristic), as the main monitoring parameter to 
indicate the deterioration of the machining process towards failure. In other words, the 
information of “output measure” will be the main basis for the maintenance decision 
making. The rationale and motivation of the OBM technique in monitoring and 
maintenance decision-making processes can be presented by understanding the production 
machine process scenario (Figure 1). 

 
Figure 1: Production Machine Process 

     The production machine can be classified as a complex system, where many 
mechanical/electrical components are connected and work together to perform one or 
more machining processes, such as drilling, milling, embossing, rewinding, cutting, 
perforating, and sealing, among others. From the production process point of view, the 
output of each machining process plays an important part to produce the product 
characteristics with required dimension and quality. In most cases, the mechanism 
(referred as a sub-system of the production machine) of the machining process is 
considered a failure when the output measure (e.g., product quality) of the product is out 
of specification. This observation is supported by Arunraj and Maiti [20], who stated that 
there is a close relationship between machine condition and its output (e.g., product 
quality) because its output depends on the machine system condition.         

2.1 Data Requirements 

For any special maintenance program towards maintenance decision making, data is one 
of the important requirements. In maintenance research, data can be classified into first 
and second level data. Waeyenbergh and Pintelon [21] defined first level data as the data 
recorded as part of the system installation (e.g., OEM recommendation or ISO standards) 
and second level data as the data recorded during the chain of normal work (e.g., actual 
operating condition or worker experience).  
     In the OBM technique application, three types of data can be used for deterioration 
monitoring and decision-making process. The first data type is the machine output 
measure (i.e., specific product quality characteristic parameter). The second data type is 
the condition parameters towards the physical changes of the component (e.g., vibration, 
wear, sound, and so on). The third data type is the time-to-failure (TTF) that is used to 
estimate the value of mean-time-to-failure (MTTF), which is the data measured in a time 
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scale. First type data can be classified as second level data, while the last two types of data 
can be grouped to either first or second levels of data.  

2.2 Machine Output Measure    

Machine output measure refers to the data that indicates the result of a certain machining 
process, (i.e., product quality characteristics such as cutting dimension, surface 
appearance, and so on. The data towards machine output measure can be classified as one 
of the parameters of condition monitoring. This data is necessary in OBM application 
because it presents the deterioration trend of the targeted subject (referred to as multi-
component unit in the current paper) towards the actual production failure perspective. 
     According to Montgomery [22], machine output measure, such as product quality 
data, can be divided into two types: variable and attribute. A quality characteristic that is 
measured on a numerical scale is called a variable type. Examples of the variable type 
include product quality dimension measurements such as length or width, temperature, 
and volume. Not all quality data can be measured in numerical scale. However, they can 
be expressed based on “ok” or “not-ok” basis. This type of quality data is called the 
attribute type. Examples of the attribute type include degree of cleanness, dirtiness, 
abnormal colour, and so on. However, to make the quality data under the attribute type 
meaningful (measurable), a measurement scale can be created. For example, the degree of 
product cleanness can be evaluated in a scale of 1 to 5, where “1” indicates the unclean 
and “5” indicates the clean data. 
     Although product quality data indicates the deterioration trend of the targeted 
subject, the question of when is the trend that will show that the targeted subject is in a 
failure situation, thus, determination of the failure limit of product quality data is required. 
The determination of the failure limit of product quality is usually decided either by the 
customer or the production management.  

2.3 Physical Changes 

Another type of data that can increase the reliability of deterioration monitoring and 
decision making in OBM application is the physical changes parameter of the component. 
This data can be classified under the condition monitoring parameter, and the examples of 
this data are vibration, acoustic, wear rate, and temperature levels. Most of the condition 
monitoring processes reported in literature, use and depend only on this data. In the OBM 
technique, this type of data is not compulsory as the machine output measure data. In 
other words, this type of data is classified as “supportive data”, where if it is available in 
real case, the decision will be more reliable, otherwise the decision still can be made. The 
failure limit of this type of data can be determined based on either the workers experience, 
or provided by the original equipment manufacturer (OEM) or ISO standards. 

2.4 Time-To-Failures (TTFs) 

TTF is another “supportive data” that can be used in deterioration monitoring and decision 
making. TTF is a time-based type data, which is measured based on time scale. TTF can 
also be an alternative data if the data towards the physical changes parameter are not 
available in real industrial cases due to impractical issues and high monitoring costs (e.g., 
sensors, data acquisition, analysis, expert training, and so on). The main objective of the 
TTF data is to estimate the MTTF value. The MTTF can be statistically estimated based 
on the non-parametric form described in the following [2]: 
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𝑏
                               (1) 

                                                                             𝑏 = ∑ 𝑥𝑖𝑦𝑖
𝑛
𝑖=1
∑ 𝑥𝑖

2𝑛
𝑖=1

                           (2) 

                                                              𝑇𝑇𝐹, (𝑥𝑖) = 𝑡𝑖                                 (3) 
                                                                            𝑦𝑖 = ln � 1

(1−𝐹(𝑡𝑖))
�                      (4) 

                                                                      𝐹(𝑡𝑖) = 𝑖−0.3
𝑛+0.4

                            (5) 

3. OBM Decision Algorithm for Multi-Component Unit 

The proposed decision algorithm to illustrate the maintenance decision-making process 
based on the OBM technique for the case of multi-component unit is shown in Figure 2. 
The decision algorithm was developed based on the ‘rule-based’ decision tree approach. 
To reduce complexity, the development of the decision algorithm in the current paper was 
guided via considering only two serial components unit case, where both are classified as 
non-repairable types.  
     The decision process via the proposed decision algorithm generally can be divided 
into two processes: data updating and data analysis for decision making. The data 
updating process refers to the continuous data collection activity to indicate the current 
condition of the targeted multi-component unit. The data analysis process refers to the 
deterioration trend prediction, follows by condition evaluation process and specific 
analyses toward maintenance decisions making. One of the practical future trend 
prediction models that can be applied is the double exponential smoothing (DES) model 
[23]. The DES model is one of the forecasting models under the ES method, where it is 
specifically used to forecast the future point based on the non-linear trend model. The 
DES model can be presented as follow; 
                                                                      𝑒𝑡 = 𝑋𝑡 − �̈�𝑡−1(𝑛)                        (6)  
                                                                      𝑆𝑡 = 𝑆𝑡−1 + ∅𝑇𝑡−1 + ℎ1𝑒𝑡                  (7) 
                                                                      𝑇𝑡 = ∅𝑇𝑡−1 + ℎ2𝑒𝑡                          (8) 
                            �̈�𝑡(𝑚) = 𝑆𝑡 + ∑ ∅im

i−1 Tt                           (9) 
    The condition evaluation for decision making refers to the process of evaluating the 
future predicted condition and deciding the appropriate maintenance decisions if needed. 
In the following sections, a detailed description of the condition evaluation for the 
decision-making process to determine two maintenance decisions (determining the right 
time to perform maintenance and the right component that requires maintenance) is 
presented.  

3.1 Determination of the Right Time to Perform Maintenance 

Based on the decision algorithm presented in Figure 2, determination of the right time to 
perform maintenance is carried out as follow (assume that all the three data types data; 
product quality trend, Q; physical changes trend, C; and mean-time-to-failure, F are 
available for all the components in the multi-component unit). The future prediction 
process using the DES model (as presented in Section 3, equations (6)-(9) is initiated after 
the data of Q and C have been updated. After the future conditions of Q’ and C’ have been 
predicted at time ti, the condition evaluation process was carried out based on three 
possible condition evaluation rules.  
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Figure 2: Decision Algorithm for Multi-component Unit (for two serial components) 
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     Referring to Figure 2, the first rule is the condition where, “Q’(t), C’(t), and F’(t) 
reaches or exceeds the failure limit”; the second rule is when “Q’(t) reaches or exceeds 
the failure limit, and C’(t) and/or F’(t) do not”; and the third rule is when “C’(t) and/or 
F’(t) reaches or exceeds the failure limit and Q’(t) do not”.  
     If the predicted unit condition follows Rules 1 and 2 (‘yes’ direction), then the 
decision of “do-something” is agreed upon. Otherwise, the decision of “do-nothing” is 
suggested, which means that the multi-component unit is in good condition and can still 
be used in machine operation. If the predicted unit condition follows Rule 3, risk analysis 
(RA) is carried out. The purpose of a RA is to estimate the appropriateness of making 
decisions either to decide for “do-nothing” or “do-something”. Quantitatively, the risk of a 
unit towards failure can be calculated by multiplying the probability (or deteriorating rate) 
of failure with the consequences of failure [24]. In the proposed decision algorithms, RA 
refers to the cost of risk calculated based on the probability of failure and the cost of 
failure. The example of RA calculation for a certain scenario, where Q, C, and F are 
available for all components is shown in equation (10). 
                              𝑅𝑐𝑜𝑠𝑡 = �𝑄

′(𝑡𝑖)+𝐶1′(𝑡𝑖)+𝐹1(𝑡𝑖)+𝐶2′(𝑡𝑖)+𝐹2(𝑡𝑖)
5

� × 𝐶𝑢𝑛𝑒𝑥𝑝−𝑓             (10) 
                      𝐶𝑢𝑛𝑒𝑥𝑝−𝑓 = 𝐶𝑟𝑒−𝑟𝑒𝑗 + 𝐶𝐷𝑜𝑤𝑛𝑇                                    (11) 
     After the risk cost is calculated using equations (10) and (11), it will be compared 
with the overall unexpected failure cost, Cunexp-f. If the risk cost is equal or more than the 
failure cost (Rcost => Cunexp-f), the decision of “do-something” is determined, otherwise, 
the decision of “do-nothing” is made. For the component of non-repairable type, the 
decision of “do-something” refers to the replacement action.   

3.2 Determination of the Right Component which Requires Maintenance 

Another maintenance decision that the proposed decision algorithm is able to make is the 
determination of the right component which requires maintenance. The idea that not all 
components in multi-component unit require maintenance at once is the motivation of 
coming up with this decision. Performing maintenance (e.g., repair or replace) for the 
wrong component may increase unnecessary cost without adding value to the unit 
(eliminate source of unit deterioration). Therefore, determining which component in the 
unit requires maintenance is very relevant. To solve this problem, the proposed decision 
algorithm suggested two analyses: trend analysis (TA) and individual risk analysis (IRA). 

3.3 Trend Analysis (TA) 

In the proposed decision algorithm presented in Figure 2, TA is only applicable if both 
product quality characteristic, Q and physical changes, C data are available. In the 
statistical method, TA is an analysis tool used to fit a general trend model based on time 
series data, where the application of TA is appropriate because the nature of the 
component deterioration trend is presented based on time series form.  
     The idea of TA in deciding the right component that requires maintenance is to 
compare the slope values of the fitted trend model of the components based on the 
physical changes parameters with the slope value of the fitted trend model of product 
quality characteristic. This means that, if the slope value of the fitted trend model of a 
certain component in the multi-component unit is close to the slope value of the fitted 
trend model of product quality characteristic, the source of the problem, which refers to 
component that contributes to product quality characteristic deviation, is identified. In 
other words, this component is determined as the right component that requires 
maintenance. 
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     The application of TA can be performed based on two steps as shown in Figure 3. 
The process starts by fitting the model of product quality characteristic trend. To identify 
the best fit trend model towards the product quality characteristic, three types of trend 
models such as linear, quadratic, and exponential growth were generated. The best fit 
trend model can be finalized by referring the accuracy value of the fitted models, which 
can be calculated based on some accuracy measures, such as the mean-absolute 
percentage error (MAPE), mean absolute deviation (MAD), and mean squared deviation 
(MSD). After identifying the best fit model of product quality characteristic trend, the 
process of fitting the trend model using the same trend model best fitted for the product 
quality characteristic is carried out to model the deterioration trends of each component in 
the multi-component unit based on their physical changes data. As previously stated, the 
identification of which component requires maintenance relies on the slope values of each 
trend models with respect to the slope value of the product quality characteristic trend 
model.   

3.4 Individual Risk Analysis (IRA) 

IRA is an alternative process to determine which component requires maintenance. IRA is 
applicable if physical changes signal is not available or all three types of data (output 
measure, physical changes signal, and MTTF) are available. 

The idea of IRA is similar with risk analysis in determining the right time to perform 
maintenance (Section 3.1). The difference of IRA is that the risk cost is estimated 
individually for each component in the unit using the same probability value (or 
deteriorating rate) of the predicted product quality deviation, Q’(ti). The calculation of 
IRA is shown as: 
For component 1,   

                      𝑅𝑐𝑜𝑠𝑡
𝑐𝑜𝑚𝑝1 = �

𝑄′(𝑡𝑖)+𝐶𝑐𝑜𝑚𝑝−1
′ (𝑡𝑖)+𝐹𝑐𝑜𝑚𝑝−1(𝑡𝑖)

3
� × 𝐶𝑢𝑛𝑒𝑥𝑝−𝑓

𝑐𝑜𝑚𝑝1                   (12)  

                   𝐶𝑢𝑛𝑒𝑥𝑝−𝑓
𝑐𝑜𝑚𝑝1 = 𝐶𝑟𝑒𝑝−𝑟𝑒𝑗 + 𝐶𝐷𝑜𝑤𝑛𝑇                                    (13) 

 
For component 2,    

                     𝑅𝑐𝑜𝑠𝑡
𝑐𝑜𝑚𝑝2 = �

𝑄′(𝑡𝑖)+𝐶𝑐𝑜𝑚𝑝−2
′ (𝑡𝑖)+𝐹𝑐𝑜𝑚𝑝−2(𝑡𝑖)

3
� × 𝐶𝑢𝑛𝑒𝑥𝑝−𝑓

𝑐𝑜𝑚𝑝2                   (14)  

                  𝐶𝑢𝑛𝑒𝑥𝑝−𝑓
𝑐𝑜𝑚𝑝2 = 𝐶𝑟𝑒𝑝−𝑟𝑒𝑗 + 𝐶𝐷𝑜𝑤𝑛𝑇                                     (15)     

     From the calculated values of risk cost as given in equations (12) and (14), the 
decision rule to determine the right component that requires maintenance based IRA is as 
follows. The component, where, its risk cost, Rcost is closer or exceeds its own unexpected 
failure cost, Cunexp-f is classified as the right component for maintenance. Given that the 
example in the proposed decision algorithm is a non-repairable decision, then the 
maintenance action refers to the replacement action. 

4. Application Example 

This section presents the applicability of the proposed decision algorithm in making 
maintenance decisions for a serial multi-component unit. This application example is 
based on a real industry case in a processing industry. The case considered for the current 
study is focused on the cutting process, which is one of the machining processes in the 
production floor. The process involves the cutting of semi-finished product (log-roll) to 
small-size rolls (final roll). Two machinery components: bearing and cutting knife as 
shown in Figure 4a, have been identified as a multi-component unit that is responsible for 
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the cutting process. The deterioration of these components directly affects the surface 
quality of the final roll product being cut (Figure 4b). In the current example, three types 
of data (discussed in Section 2.1), were available for collection for each component. 
 

 
The first type of data is the surface appearance quality of cutting (Figure 4b). This 

data is compulsory in the application of the OBM technique to indicate the result of 
certain machining process (cutting process). The second type of data is the condition data, 
which indicates the physical changes of the components. The condition data for the 
cutting knife refers to the measure of diameter reduction of the cutting knife (wear rate), 
whereas, the condition data for the bearing refers to the vibration signal used. The third 
type of data is the TTF data. For both components (cutting knife and bearing), the TTF 
data were collected based on the replacement records. To estimate the values of the MTTF 
of these components, Equations 1 to 5 as given in Section 2.1.3 were applied. The 
calculation results show that the MTTF value for the cutting knife is 30 and bearing is 
1440 of operating hours. In the following sections, two maintenance decisions processes 
as discussed in Sections 3.1 and 3.2 are presented.  

4.1 Determination of the Right Time to Perform Maintenance 

Figure 5 shows the overall condition monitoring trends (wear, cutting appearance quality 
and vibration rates) of multi-component case for the cutting process. Based on the figure, 
the wear rate, Cw monitoring reached the failure limit of 26 hours of operating time, while 

Fitting the product quality characteristic trend 

Linear trend model 

Exponential growth 
trend model 

MAPE 

MAD 

MSD 

Fitted model 
accuracy test 

Trend models types 

Best fitted model of product quality characteristic trend 

Quadratic trend model 

STEP - 1 

Fitting the deterioration trends of each 
component based on their own physical 

changes parameters   

STEP - 2 

Trend model of each component in multi-
component structure 

Slope value 
 

Figure 3: Application Step of TA 
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the cutting appearance quality, Q, vibration, Cv, and MTTF (calculated based on 1 to 5) of 
the cutting knife and bearing, respectively, were still below the failure limit. According to 
the multi-component decision algorithm (Figure 2), the condition of the multi-component 
unit at 26 hours of operating time follows the condition evaluation Rule 3 (refers to Figure 
2 and discussion in Section 3.1). Thus, it required the RA to determine the right time to 
perform maintenance.  

 

 
Figure 4: Cutting Process Mechanism and Its Product Output 

 
Table 1 shows a series of decisions that has been generated via RA of the decision 

algorithm, which is one of the analysis required when the condition of the multi-
component unit followed the condition evaluation Rule 3. Given that all three types of 
data were available in this sample case, the RA based on Equation 10 and 11 is applied. 
The unexpected failure cost, Cunexp-f, of the multi-component unit is estimated as RM2000. 
Based on the RA of equations (10) and (11), the right time to perform maintenance on the 
multi-component unit was found to be at 34 hours of operating time. Although the result 
of the RA found that the risk cost at 34 hours of operating time is still under the 
unexpected failure cost, the predicted condition of monitored parameters followed the 
condition evaluation Rule 2. Thus, the decision of “do-something” is suggested by the 
decision algorithm at 34 hours of operating time. 

4.2 Determination of the Right Component that Requires Maintenance 

The next challenge that became the main concern of the proposed multi-component 
decision algorithm validation is to decide which component requires maintenance (cutting 
knife or bearing, or both). In this case study, because all three types of data were available 
for each component, the IRA is carried out. Table 2 summarizes the result of IRA for each 
component. 
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appearance 
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Bearing set 

b: Surface Appearance of Cutting (Final  

a: Bearing Set and Cutting Knife 
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Table 1: Series of Decisions Suggested Based on RA 

 
Operating 
time, hrs 

Fw(ti) 27 28 29 30 31 32 33 34 
Fv(ti) 700 725 750 775 800 825 850 875 

Q’(ti) 0.6900 0.7360 0.8270 0.8270 0.8730 0.918 0.9640 1.0010 
C’v(ti) 0.3974 0.4038 0.4202 0.4666 0.5031 0.5295 0.5539 0.5826 
Fv(ti) 0.4860 0.5035 0.5208 0.5382 0.5556 0.5729 0.5903 0.6076 

C’w(ti) 1.0700 1.1100 1.1500 1.1900 1.2300 1.2700 1.3100 1.3500 
Fw(ti) 0.9000 0.9333 0.9667 1.0000 1.0333 1.0667 1.1000 1.1333 

Risk cost 1417.36 1474.64 1553.88 1608.72 1678.00 1742.84 1807.28 1869.8 
Condition 

evaluation rule 
3 3 3 3 3 3 3 2 

Decision DN DN DN DN DN DN DN DS 
Notation, 
DN = do-nothing 
DS = do-something 

 

 
 

Figure 5: Condition Monitoring of Multi-Component Case for the Cutting Process 
 

Table 2: Result of IRA 
 
Component in 

a multi-
component unit 

Deterioration rate at  
34 hrs 

MTTF, F(t) Unexpected 
failure cost 

(RM) 

Risk cost 
(RM) 

Q’ C’w C’v Fw Fv  
Cutting knife 1.0010 1.3500  1.1333  4,000 4645.73 
Bearing  0.5826  0.6076 6,050 4418.92 
 

At 34 hours of operating time, the deteriorating rate value of Q’ was 1.0010. The 
deteriorating rates values of C’w, C’v, Fv,  and Fw were 1.3500, 0.5826, 0.6076 and 
1.1333, respectively. Using the IRA formula in Equations 12 to 15, the risk cost of each 
component was calculated. Result of the IRA shows that the risk cost of the cutting knife 
and the bearing were RM4645.73 and RM4418.92, respectively. The risk cost of the 

The right time 
to perform 

maintenance 

Failure limit 
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cutting knife indicated that it exceeded its own unexpected failure cost, whereas, the 
bearing was still under its unexpected failure cost. This result indicates that, based on the 
risk cost calculation, the cutting knife was the right component that requires maintenance. 
The decision suggested, based on the IRA, is reliable because it is within the logic time 
domain, where based on the MTTF of the cutting knife it is estimated to be at 30 hours of 
operating time.    

5. Discussion 

There are two main contributions of the current paper. First, is the application of the CBM 
approach in solving the maintenance problem of a multi-component unit using the newly 
proposed maintenance technique, namely OBM. The OBM technique is inspired by the 
actual failure perspective of the production machine process in real industrial 
environment, where “in most cases, the production machine is considered a failure when 
the output (e.g., product quality characteristic) is out-of-specification.” Therefore, the use 
of the output machine measure (e.g., product quality characteristic) as the main indicator 
or parameter to monitor the deterioration process of machine component(s) towards 
failure, directly enable more reliable maintenance decisions. In other words, the proposed 
OBM technique gives an extra benefit in applying the CBM approach by looking and 
defining the failure of the multi-component unit from the production machine process 
perspective, which is more sensible in real practice.  

 Another important contribution of the current paper is the development of the OBM 
decision algorithm based on “rule-based” decision tree approach shows more practical 
decision-making process that are easy to understand and interpret. The validation of the 
decision algorithm through a real industry case shows that it is applicable to suggest some 
significant maintenance decisions within the logic time domain, thus, directly presenting 
reliable maintenance decisions.    

6. Conclusion    

The process of maintenance decision making for a multi-component unit based on the 
OBM technique is presented. OBM is a new maintenance technique that is classified 
under the CBM approach, which in principle, uses the machine output measure as the 
main monitoring parameter for maintenance decision making. A multi-component 
decision algorithm for the case of non-repairable two serial components unit based on the 
OBM technique is proposed to illustrate the decision making process. An example of the 
multi-component unit based on a real industry case was presented to show the 
applicability of the proposed decision algorithm in making maintenance decisions. Results 
showed that the proposed decision algorithm suggested reasonable decisions. Therefore, it 
can be concluded that the new maintenance technique (OBM) through the proposed 
decision algorithm provides a realistic platform in determining more reliable maintenance 
decisions. 
     To extend the proposed decision algorithm via the integration of the decision 
process towards the determination of the right maintenance action to be carried out is one 
of the possible future works that can be carried out based on the current experimental 
results. This refers to the determination of an appropriate maintenance action (e.g., repair 
or replace) that is economical. Furthermore, the integration of the decision process 
towards opportunistic maintenance strategy is also possible for future research work. 
Another future work that can be carried out is the conversion of the proposed decision 
algorithm to a computerized version (i.e., the development of an intelligent expert 
system).   
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